Within the 2.6-kb 5 0 flanking region of the shrimp (Metapenaeus ensis) vitellogenin gene (MeVg2), several clusters of putative heat shock factor (HSF) response elements were identified. Deletion of these response elements has caused significant increases in MeVg2 promoter activity, suggesting that the HSF and Hsc70 complex may regulate vitellogenin gene expression in a negative manner. To confirm the role of Hsc70 in the regulation of vitellogenin gene expression, the ovary cDNA for Hsc70 was cloned and characterized. The Hsc70 transcript level was high in the ovary and hepatopancreas of females at the early vitellogenic stage but dropped during ovarian maturation. In addition, Western blot analysis revealed the presence of Hsc70 in the nuclear but not in the cytoplasmic fraction during the early stage of ovary maturation. Electrophoretic mobility shift assay (EMSA) results showed that ovary nuclear extract contained a factor that binds to the HSF response element. Since
INTRODUCTION
Shrimp aquaculture has become an important contributor in the supply of high-quality protein for human consumption. One of the constraints in shrimp aquaculture is insufficient gravid females to produce a large quantity of shrimp fry. Consequently, it is important to acquire more knowledge on the regulation of shrimp reproductive maturation before more promising aquaculture techniques can be developed [1] . Like other oviparous animals, gonad maturation in shrimp is characterized by rapid production of egg yolk protein in the process called vitellogenesis [2] . In the study of vitellogenesis in the shrimp Metapenaeus ensis, we have cloned and characterized two cDNA encoding for two vitellogenin, MeVg1, MeVg2 [3] . We have also cloned the 2.6-kb 5 0 flanking region of the MeVg2 gene. Inspection of this region revealed the presence of several potential heat shock transcription factor binding elements (HSE). The findings suggest that the heat shock transcription factor (HSF), together with the heat shock cognate 70 (Hsc70), might regulate cellular processes during reproductive events, such as ovarian maturation in shrimp.
Because of the importance as a molecular chaperone in the cell, members of the heat shock protein 70 (Hsp70) family, including the constitutively expressed heat shock cognate 70 (Hsc70) and the inducible heat shock protein 70 (Hsp70), are extensively studied in many organisms [4] [5] [6] . In decapod crustaceans, several studies of Hsc70/Hsp70 genes have been initiated [7] [8] [9] [10] . Hsc70 cDNA had been cloned and sequenced in many shrimp, including the tiger shrimp Penaeus monodon, and evidence has been accumulating that Hsc70 might function as a chaperone [11] . In the giant freshwater prawn Macrobrachium rosenbergii, differential expression of Hsc70 and Hsp70 was reported when they were in heat stress conditions [12] . Additionally, Hsc70 and Hsp70 were molt-cycledependent molecular chaperones in the lobster Homarus americanus [12] . The interaction of HSF and Hsc70/Hsp70 in gene regulation had been demonstrated in many organisms. This complex appeared to be a potential transcriptional regulation complex bound on the promoter elements and regulated the transcription of several genes [13, 14] . In an earlier study, we have cloned the partial cDNA and reported the potential role of hsp70 as a vitellogenin repressor before the onset of vitellogenesis in M. ensis [15] . Further study reveals that translated protein of cDNA consists of features more closer belonging to the heat shock cognate (see Results and Discussion below).
It was reported that HSF monomer would compete with nascent peptide for the interaction with molecular chaperone Hsc70/Hsp70 [13, 14] . To elucidate the function of Hsc70, the molecular characterization of the M. ensis Hsc70 gene was first performed. In this article, focus would be put on the molecular cloning of M. ensis Hsc70 gene. The Hsc70 genomic sequence and cDNA open reading frame (ORF) would be cloned, sequenced, and compared with the Hsc70 of other species. Deduced amino acid sequence and the peptide domains would also be compared with other species to confirm the identity of Hsc70. The expression of Hsc70 in different tissues and reproductive stages of shrimp would be performed by Northern blot analysis. Western blot analysis was also used to identify Hsc70 protein in cytoplasmic protein or nuclear extract from different tissues.
To determine if the HSF-Hsc70 complex is involved in MeVg2 gene regulation, one of the approaches is to show the involvement of Hsc70 in a DNA-protein complex using oligonucleotides containing the potential HSF binding sites (HSE) designed according to the MeVg2 gene promoter. This is achieved by electrophoretic mobility shift assay (EMSA). To further demonstrate the negative regulation of Hsc70 on MeVg2 gene expression, an RNA interference (RNAi) technique was developed to knock down Hsc70 gene expression and to study its effect on MeVg2 expression.
MATERIALS AND METHODS

Identification of the Putative Heat Shock Factor Binding Sites on the MeVg2 Gene
The 5 0 promoter upstream region of the MeVg2 gene was cloned from a genomic DNA library screening with MeVg2 gene-specific promoter as a promoter [3] . For the production of promoter deletion clones, the 5 0 flanking region of the MeVg2 gene was excised by restriction digestion with KpnI and BamHI and subcloned into the pGL3-Basic vector (Invitrogen). After ligation and subcloning, potential positive clones were selected for DNA sequence determination to confirm that the DNA insert is ligated correctly in frame and in the correct orientation. DNA plasmid preparation was performed to obtain enough starting materials for the generation of promoter deletion clones by a deletion kit (Pharmacia). Appropriate deletion clones were selected for use in the transfection assay (see Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org). Before transfection, cells were pelleted by centrifugation at 300 3 g for 5 min and resuspended in ExCell420 serum-free medium at 2 3 10 6 cells/ml. For transfection, the IPLB-LdFB cell derived from Lymantria dispar fifth larval instar fat body cell was used. Transfection was performed with Tfx-20 reagent (Promega). Deleted plasmid constructs (4 lg) were mixed with internal control plasmid pRL-SV40 (50:1) in 0.5 ml of Tfx-20 reagent and with the DNA mixture at room temperature for 15 min (final ratio of Tfx-20 to DNA is 4:1). The above mixture was added to 0.5 ml of cell in each well of the six-well plate (Costar) at 378C for 48 h.
The luciferase activities were analyzed with the Dual-luciferase Reporter Assay kit (Promega) and measured by a luminometer (EG&G Berthold Lumat LB9507). Cells were rinsed twice with PBS and lysed for 15 min with 100 ll of passive lysis buffer. The lysate was centrifuged, and 20 ll of supernatant were transferred into a 1.5-ml Eppendorf tube for detection of luciferase activity. Equal volumes (100 ll) of firefly luciferase assay reagent and Stop & Glo substrate solvent were added into the Eppendorf tube, and the activity was normalized from the ratio of firefly luciferase activity to Renilla luciferase activity related to the negative control (pGL-basic).
Cloning of MeHsc70 cDNA
Total RNA (3 lg) was used in the RT reaction to generate first-strand complementary DNA (cDNA) according to a modified MMLV Reverse Transcriptase Tested User Friendly First Strand cDNA Synthesis Protocol. The RT reaction was performed in a final volume of 50 ll containing 13 first-strand buffer, 0.2 mM dNTP mix (Amersham), 1.25 lg oligo (dT) 12 , 0.5 ll RNaseinhibitor (31750 U/ml; Amersham), and 0.5 ll MMLV (200 U/ll; USB). The RT was performed at 378C for 3 h and finally at 708C for 15 min.
Gene-specific primers (based on other shrimp Hsp70, including Penaeus monodon and Litopenaeus vannamei) HSP-F1 (10 lM)-5 0 CGA ATT CAT GAG TAA GGC ATC AGC AG 3 0 ; HSP-R1 (10 lM)-5 0 GAA GCT TTA GTC GAC CTC CTC AAT GG 3 0 ) were designed for PCR amplification using RT reaction product as template. A PCR reaction was performed in a final volume of 20 ll containing 1/10 RT reaction product, 13 reaction buffer, 1.5 mM MgCl 2 , 0.2 mM dNTP mix (Amersham), 0.5 lM each of a pair of forward and reverse primers, and 0.1 ll Taq DNA polymerase (5 U/ll). Ten microliters of mineral oil were added on top of each PCR reaction mixture. PCR amplification was performed according to the thermal cycle 958C for 3 min; 35 cycles of (958C for 1 min, 588C for 1 min, and 728C for 2 min; and 728C for 10 min. PCR products were analyzed by performing 1% agarose gel electrophoresis.
Experimental Animals and RNA Preparation and Northern Blot Analysis
Shrimp purchased from local seafood markets were acclimated in the laboratory at 268C. Total RNA was prepared by a modified guanidine isothiocyanate extraction method [16] . RT-PCR was performed in a final volume of 50 ll containing 13 first-strand buffer, 0.2 mM dNTP mix (Amersham), 1.25 lg oligo (dT) 12 , 0.5 ll RNase-inhibitor (31750 U/ml; Amersham), 0.5 ll MMLV (200 U/ll; USB), and total RNA templates (3 lg) at 378C for 3 h and then at 708C for 15 min. For RT-PCR, the mix consists of 13 reaction buffer, 1.5 mM MgCl 2 , 0.2 mM dNTP mix (Amersham), 0.5 lM each of forward and reverse primers, and 0.1 ll Taq DNA polymerase (5 U/ll) PCR reaction mixture; 1 ll of the RT mix was added as template. For Northern blot, RNA was analyzed on a 1% formaldehyde agarose gel and transferred onto a nylon membrane by capillary action. The membrane was hybridized in a prewarmed High-SDS hybridization buffer with the Hsc70 probe at 508C for 16-20 h. All the washing and detection steps were performed at room temperature except the 0.13 SSC with 0.1% SDS stringency washes. The membrane was transferred to 23 SSC with 0.1% SDS and washed twice for 15 min; 0.13 SSC with 0.1% SDS was used to wash the membrane twice for 15 min at 588C. The membrane was then incubated in 1:20 000 Anti-DIG-AP conjugate in 13 blocking buffer. For signal detection, 200 ll CDP-Star (Roche) were evenly added on the membrane. which was then sealed by plastic wrap. The luminescent signal was exposed to an x-ray film for 5 min-1 h, depending on signal intensities, and the film was developed by a Kodak film processor.
Tissue Protein and Nuclear Extract Preparation
Tissues were dissected and homogenized in an extraction buffer and centrifuged at 3000 3 g for 5 min at 48C. The supernatant was then transferred to a fresh tube and centrifuged again at 17 000 3 g for 40 min at 48C to remove subcellular debrides.
For nuclear protein extraction, 0.1 g tissue was added to 1 ml 13 hypotonic buffer with 1 mM dithiothreitol (DTT), and 1.5 ll of detergent (Active Motif) was used to grind the tissue in a Dounce homogenizer (Wheaton) with Pestle B. The homogenate was incubated on ice for 15 min and then centrifuged at 850 3 g for 10 min at 48C. The pellet was then resuspended in 1 ml 13 hypotonic buffer and incubated on ice for 15 min. About 50 ll of detergent (Active Motif) were added to the resuspension and vortex. After centrifugation at 14 000 3g for 30 sec at 48C, the pellet was resuspended in 100 ll lysis buffer (Active Motif), and vortexing was again 10 sec. The resuspension was incubated on ice for 30 min with gentle shaking at 150 rpm. Vigorous vortexing was then applied to the resuspension for 30 sec and then centrifuged at 14 000 3 g for 10 min at 48C. The supernatant, which was the nuclear protein extract, was collected and divided into aliquot of 10 ll for storage in À808C.
For MeHsc70 production, enzyme-restricted PCR fragment containing the ORF of the Hsc70 was inserted into the expression vector pRSET-B (Invitrogen) previously digested with the same Eco RI and Hind III cut vector in a ligation reaction overnight at 168C. The ligation product was then transformed into Escherichia coli XL1-Blue cells by electroporation. The potential positive subclones were purified for DNA sequencing determination to confirm correct orientation and in-frame insertion of the construct. The overnight culture was then diluted (1:100) in LB broth and inoculated at 378C for about 3 h at 250 rpm until the OD 600 0.4-0.6. Then a final concentration of 1 mM of IPTG (isopropylthio-b-D-galactoside) was added to the culture for a further inoculation for 3 h at 378C or 8 h at 308C with vigorous shaking (250 rpm). At a 1-h interval, 1-ml samples of culture were collected and centrifuged at 5000 rpm for 5 min at 48C, and 100 ll of 13 PBS was used to resuspend the bacterial pellet. The recombinant rHsc70 that appeared in the inclusion body was purified with Ni-nitrilotriacetic acid agarose (Qiagen) under denaturing conditions (8 M urea). For refolding, purified rHsc70 protein was serially diluted in cold dialysis buffer (10 mM Tris-HCl, 140 mM NaCl, 20 mM CaCl 2 , 0.05% Tween-20, pH 7.9) and incubated for 2 h at 48C for each dilution step. The rHsc70 was dialyzed against a dialysis buffer with gentle stirring at 48C to remove all urea. Precipitated protein was removed by centrifugation at 14 000 rpm for 10 min at 48C. The suspension was then frozen in liquid nitrogen and thawed at 428C. After two cycles of freeze-thaw, the lysate was centrifuged at 17 000 3 g for 10 min at 48C, and 23 SDS sample buffer was added to the supernatant (soluble fraction), while 13 SDS sample buffer was used to dissolve the pellet (insoluble fraction). After denaturation at 958C for 5 min, denatured proteins were analyzed by SDS-PAGE and Western blot using a monoclonal anti-hsp/hsc antibody (1: 2000) . The second antibody used was an alkaline phosphatase-conjugated rabbit against the mouse Igg fraction (dilution 1:3000). Detection of the Hsc70-specific protein was by the nitroblue and 5-bromo-4-chloro-3-indoyl phosphate in an alkaline phosphatase detection buffer.
CHAN ET AL.
EMSA
The HSF-specific oligonucleotide (5 0 -TCATTTCTGGGAATAAGTT TTTATGGAGAGAAAGGG-3 0 ) was 5 0 end labeled with T4 polynucleotide kinase (PNK). In a reaction mixture of 10 ll, 2 ll of oligonucleotides, 1 ll T4 PNK 103 buffer (Promega), 5 ll MilliQ water, 1 ll T4 PNK (5-10 U/ll; Promega), and 1 ll [c- 32 P] ATP (3000 Ci/mmol at 10 mCi/ml; Amersham) were mixed and incubated at 378C for 45 min. To remove the unlabeled oligonucleotides, QIAquick Nucleotide Removal Kit (Qiagen) was used. The activity of the labeled probe was determined by scintillation counting, and 5000-10 000 cpm/10 fmole were used in the EMSA. For DNA-protein binding reactions (15 ll), the reaction mix consisted of 3-5 lg nuclear extracts, 20 mM HEPES (pH 7.8), 50 mM NaCl, 0.5 mM EDTA, 1 mM MgCl 2 , 10% (v/v) glycerol, 0.5 mM DTT, 1 lg poly (dI.dC), and 0.1% NP-40. The samples were incubated at room temperature for 10 min, and 0.2 pmole of 32 P-labeled oligonucleotide probe was added for further incubation (20 min) at room temperature. For nonspecific competition, the oligo (i.e., M1-SNOG -5 0 CCTCCACCCCTCAACCATGCCAGA 3 0 ) that did not contain the HSE was added in 103 and 503 molar excess of the labeled HSE-oligonucleotide probe. For specific competition, unlabeled HSE-oligonucleotides were added in 503 and 1003 molar excess of the labeled probe to the reaction mixture. To demonstrate the possible involvement of hsc70 in the DNA-protein complex, 10 and 20 mM ATP were added to the reaction mixture. At the end of incubation, the samples were analyzed on a 6% nondenaturing polyacrylamide gel and electrophoresis at 150 V. After electrophoresis, the gel was dried in a vacuum, and the signal was exposed to a film with an intensifying screen at À808C and then developed after 2-3 days.
Double-Strand RNA (dsRNA) Interference
For the synthesis of dsRNA, the Megascript dsRNA synthesis kit (Ambion) was used. All procedures follow the instructions of the manual and using buffer supplied in the kit. The in vitro transcription reaction was performed at 378C overnight with 8 ll (0.5-2 pmoles) of T7-linked hsc70 DNA template obtained from the PCR amplification, 2 ll each of 103 T7 reaction buffer, ATP, CTP, GTP, UTP solution, and T7 Enzyme Mix. For DNA removal, 21 ll nucleasefree water, 5 ll 103 digestion buffer, 2 ll DNase I, and 2 ll RNase were added to the reaction mix, and the digestion reaction was performed at 378C for 1.5 h. After nuclease digestion, 50 ll 103 binding buffer, 150 ll nuclease-free water, and 250 ll 100% ethanol were added to the mix. The 500-ll reaction mixture was then added to a filter cartridge and then centrifuged at 12 000 3 g for 2 min to discard the flow-through. Wash Solution (500 ll) was added onto the filter and then centrifuged at 12 000 3 g for 2 min. For in vitro dsRNA interference, hepatopancreas and ovary explants were incubated in 1.5 ml M199 culture medium in a 24-well plate with gentle shaking for 2, 4, 6, 8, 10, and 12 h at room temperature. Serial dilutions of Hsc70-specific dsRNA (in 10 ll) were added to the wells of the tissue explant in the culture medium, and the incubation was continued for an additional 5 h. For the controls, 0.3 lg/ml CHH dsRNA (nonspecific dsRNA) was also added to another explant in the well. RNA was extracted for Northern blot analysis to monitor the change of MeVg2 expression level and also the knockdown of Hsc70 gene expression level.
RESULTS
To study the promoter region and the factors that may regulate the MeVg2 gene, a genomic DNA clone was isolated from the library screening using a MeVg2 probe derived from the N-terminal end of the cDNA. This clone was eventually confirmed to carry the 5 0 -end promoter sequence of the MeVg2 gene (Fig. 1) . When the 2.6-kb 5 0 flanking region of MeVg2 gene was analyzed using the TEES (University of Pennsylvania), various putative protein-DNA binding motifs could be identified. Some general transcription factor binding sites, such as TATA, a GC-rich site, can be found within the first 200 nt of the proximal region (Figs. 1 and 2a) . Several heat shock factor (HSF) binding sites located at À758 to À665, À1349 to 1143, and 2106 to 1881 were identified (Figs. 1 and 2a) . Since there are reports for the formation of a complex by the HSF and heat shock protein that together form the regulatory complex of many genes, we use the deletion promoter assay to further demonstrate its importance in Vg gene regulation (Fig. 2b) . When the distal 995-bp fragment, which contained the four putative heat shock protein (HSP) binding sites, was deleted, the promoter activity increased 21-fold compared to the Vg2661-LUC. A further 302-nt deletion caused a decrease of 38% in reporter activity (Fig. 2b) . For the Vg716-Luc deletion clone, two HSF binding sites were found in the deleted region. Next, the deletion of two HSF binding sites produced an even greater increase in promoter activity in the Vg205-Luc deletion clone, being 36% of the positive control. To summarize, the result of the deletion promoter assay demonstrated that HSFs are involved in the regulation of the vitellogenin gene. Since HSF forms complexes with the heat shock cognate/or HSP and regulates the vitellogenin gene of the mosquito [13] , we performed the following experiments to determine if a similar regulatory mechanism also occurs in the shrimp.
Cloning, Characterization, and Expression Study of MeHsc70
DNA sequence was obtained and submitted for an amino acid homology search in the Genbank database at NCBI using BLASTX program (Genbank accession no. KJ511266). The sequence exhibited a very high homology to hsc70 of other decapod crustaceans. It shared 98% identity to the Hsp70 of the Pacific white shrimp L. vannamei, 91% to the heat shock cognate 70 (Hsc70) of the black tiger shrimp P. monodon, and 87% to the Hsp70 of the giant freshwater prawn M. rosenbergii. Based on the homology of MeHsc70 sequences to that of other species, similar approach was used to clone the ORF of the Hsc70 from the hepatopancreas cDNA. The deduced amino acid sequence encoded a 648-amino-acid protein with an estimated 71 kDa and pI ¼ 5.34 (Fig. 3a) . By the Prosite analysis program, three Hsp70 family motif signatures on the deduced amino acid sequence were identified. These include 1) IDLGTTYS (aa 9-16) and IFDLGGGTFDV SIL (aa 197-210); 2) IVLVGGSTRIPKIQK (aa 334-348); and 3) a putative ATP-GTP binding motif with AEAYLGAT (aa 131-138). Two bipartite nuclear localization sequences (KRKYKKDPSENKRSLRR located at aa 246-262) and KRSLRRLRTACERAKRT located at aa 257-273) were located on the deduced amino acid sequence: two other nonorganellar eukaryotic consensus motifs (i.e. RARFEEL at aa 299-305) and the cytoplasmic Hsp70 carboxyl terminal region (GPTIEEVD at aa 641-648; (Fig. 3a) . When MeHsc70 was aligned with Hsc70 from P. monodon, L. vannamei, and M. rosenbergii, a high degree of homology among the sequences was observed. Phylogenetic tree has placed the four shrimp Hsc70/Hsp70 sequences into one branch, well separated from a cluster populated by the fly and hornworm hsc70s and the barnacle hsp70. The zebrafish, chicken, and human Hsc70/Hsp70 sequences were clustered into a diverse group (Fig. 3b) . In a genomic DNA PCR analysis, a 2.6-kb PCR product was amplified and subcloned into pGEM-T vector and transformed into XLI-Blue cells. DNA sequencing determination confirmed that the Hsc70 ORF and genomic DNA are identical. The result suggested that MeHsc70 gene was intronless ( Supplemental Fig. S2) .
A transcript of 2.4 kb representing the MeHsc70 can be detected in many tissues (Fig. 4a) . In order of decreasing transcript level, these tissues include the ovary, epidermis, hepatopancreas, nerve cord, and eyestalk. Although Mehsc70 mRNA was expressed constitutively in most tissues, a differential expression pattern was also observed. The MeHsc70 transcript level was much higher in the ovary as compared to the epidermis (Fig. 4) , hepatopancreas, eyestalk, ventral nerve cord, and the muscle. MeHsc70 transcript was highly enriched in stage I ovary and hepatopancreas and then HEAT SHOCK COGNATE AND SHRIMP VITELLOGENESIS dropped significantly in the more mature stages (stages II-V; Fig. 4b) .
The protein lysate from the soluble fraction of the Hsc70 expression protein was separated by SDS-PAGE and stained with Coomassie blue to confirm the presence of the recombinant protein of expected size (75.4 kDa; Fig. 5a ). Monoclonal anti-Hsp70 antibody was used in a Western blot analysis to confirm the identity of the protein (Fig. 5b) . Using the expression system described in this report, the maximum expression level of the recombinant protein occurred at 8 h after ITPG stimulation (Fig. 5a) . As revealed by Coomassie blue staining (Fig. 5b) , nuclear extract could be prepared from most tissues. However, nuclear proteins from hepatopancreas appeared as a smear, indicating that the hepatopancreas nuclear protein extract was degraded. Monoclonal anti-HSP 70 antibody was used in a Western blot analysis to detect for the native Hsc70 in the protein samples. In addition to the rHsc70/BL21 positive control, positive signals were detected in the ovary nuclear extract sample (Fig. 5b) . Weaker signals were also observed in the epidermis and ventral nerve cord. Although native hsc70 was detected in ovary nuclear extract, no signal was observed in the ovary cytoplasmic protein. Due to protein degradation, no positive signal was obtained in the hepatopancreas sample.
For EMSA, oligonucleotides (À760 to À726 on the MeVg2 promoter) harboring these HSEs were designed and used as a probe in the EMSAs. Addition of both 3 and 5 lg of ovary nuclear extract into the in vitro DNA-protein binding reaction can cause the retardation of the complex on the mobility gel shift assay. This indicated that the ovary nuclear extract contained a factor that binds to the radiolabeled probe. A nonspecific band was observed migrating approximately halfway through the gel (Fig. 6a) . Unincorporated oligonucleotide appeared as a dark smear (Fig. 6a) . When the recombinant Hsc70 was added in the mix, a slightly different size retardation complex was obtained (broken arrows). We reasoned that the size variation in the retardation complex could be due to the difference in sizes of the endogenous Hsc70 and the rHsc70 (Fig. 6a) .
In the next experiment, addition of 103 and 1003 excess of nonspecific competitor (i.e., M1-SNOG) could not compete away the retardation complex. However, when the heat shock response element (HSE) was added 100-fold, no retardation signal was recorded (Fig. 6b) . To extend further, when ATP was added (1 and 2 lM) in the binding reaction, the retarded band was diminished (Fig. 6b) . The result suggests that Hsc70 might be present as one of the partners in the HSE binding complex because dissociation from its peptide substrates by ATP could lead to a decrease in HSE binding affinity of the protein factor(s) in the ovary nuclear extract and thus cause a reduction in the retardation complex (Fig. 6c) .
RNA Interference of Hsc70
In this study, ovary and hepatopancreas from shrimp at the early maturation cycle were used. An initial time course experiment was performed to determine the optimal culture time for the organ explants. The result indicated that a 3-to 4-h culture time is best for both tissues, and therefore all the organ explants were cultured for 4 h (Supplemental Fig. S3 ). Northern blot results indicate that a dose of 0.3 lg/ml dsRNA was more effective than a dose of 3 lg/ml dsRNA (data not shown). Therefore, 0.3 lg/ml of dsRNA was used as working dose for the subsequent experiments. The Hsc70 gene knockdown effect in the ovary accounts for 52% as compared to the TE-treated control (Fig. 7a) . Addition of 0.3 lg hsc70 dsRNA in the ovary explant led to the largest increase in MeVg2 gene expression. The specificity of the Hsc70 dsRNA was confirmed, as the dsRNA for the crustacean hyperglycemic hormone has little or no effect on Hsc70 and MeVg2 gene expression (Fig. 7a) . To ascertain consistent results, the experiments were repeated three times in which the 0.3 lg/ ml of dsRNA was used in the RNAi experiment. The increase in MeVg2 expression level amounted to 54% as compared to the control. Similarly, in the hepatopancreas, the most effective dsRNA dose was 0.3 lg/ml as it was demonstrated in the ovary culture experiment. The knockdown effect of dsRNA amounted to 60% for the Hsc70, and the increase of MeVg2 was about 62% (Fig. 7b) .
DISCUSSION
Vitellogenesis is an important process for the successful production of eggs and healthy larval development. Currently, only a few recently studies describe the regulation of this gene shrimp. Most of the studies report the endocrine regulation of vitellogenesis by eyestalk vitellogenesis (or gonad) inhibiting hormone (VIH) [17] [18] [19] [20] [21] [22] . For example, in M. ensis, using a recombinant protein and RNA interference approach, an eyestalk neuropeptide previously named MIH-B was shown to have gonad stimulating activity [17] ; in Marsupenaeus japonicus, only bilaterial eyestalk ablation is effective in causing upregulation of vitellogenin; in L. vannamei [19] , several sinus gland neuropeptides of the CHH family were purified, and most of these neuropeptides have shown to have a vitellogenin-inhibiting effect [20, 21] . In P. monodon, RNA interference of the GIH resulted in vitellogenin gene regulation [22] . In other oviparous animals, information on the structural feature of Vg gene regulation is limited to several insects, such as the Apis mellifera [23] , the mosquito Acedes aegypti [24] , the fly Drosophila [25] , the worm Caenorhabditis elegan [26] , and the higher vertebrates such as fish Salmo gairdneri [27] and Xenopus [28] . This report describes the first study of Vg gene regulation at the transcription level in crustaceans. Because of the lack of a suitable crustacean cell line, the use of insect cells described in this study can provide only indirect evidence for the involvement of the factor in vitellogenin regulation. In Xenopus, Wollfe et al. [29] demonstrated that an elevated concentration of HSP caused by thermal stress abolished the estrogen-activated transcription and accumulation of vitellogenin mRNA accumulated by prior treatment with estrogen.
Molecular Cloning of MeHsc70
Although MeHsc70 exhibited a high sequence homology with the Hsp70 of other decapod crustaceans, it was difficult to determine if it was Hsc70 or hsp70. The Hsp70 family was widely studied in many organisms. In addition to crustaceans, MeHsc70 also showed higher sequence homology with the hsc70 of the honeybee A. mellifera (83%), the rainbow trout Oncorhynchus mykiss (83%), the silver crucian carp Carassius auratus gibelio (83%), and the fruit fly Drosophila melanogaster (79%). Therefore, it was proposed that the sequence obtained in M. ensis was Hsc70.
The ovary is a fast-developing organ in which the oocytes undergo rapid proliferation and DNA replication during reproductive maturation. Hsc70 expression level was particularly high in growing cells than in resting cells. Therefore, 
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Hsc70 may be required in cellular processes such as transcription control or protein translocation in shrimp. The interaction between Hsc70 and the heat shock transcription (HSF) had been demonstrated in vitro in human, Drosophila, and Arabidopsis [30, 31] . Therefore, the absence of intron for the MeHsc70 gene may facilitate rapid synthesis and accumulation of the protein to exert its function as a molecular chaperone in a series of cellular process in the ovary. In fact, some segments of the eukaryotic Hsc70 sequence, such as the ATP/GTP-binding site, the cytoplasmic HSP70 C-terminal sequence, and GGMP/GAP repeats, are also found in the putative shrimp Hsc70.
The presence of an ATP-GTP binding motif (AEAYLGAT) on the shrimp Hsc70 sequence further confirms that it is an Hsc70 because hsc70 was known to have ATPase activity [32, 33] . The two bipartite nuclear localization signals (KRKYKKDPSENKRSLRR and KRSLRRLRTACERAKRT) consist of an abundance of the basic amino acids lysine (K) and arginine (R) for the selective translocation of Hsc70 into the nucleus [34] . In M. ensis, considerable variations in Hsc70 transcript level were observed in the ovary. A similar enriched pattern of Hsc70 was also found in D. melanogaster [35] and zebrafish Danio rerio [36] during embryogenesis. The enrichment of Hsc70 in the ovary might also suggest a critical [56] to identify conserved motifs in the shrimp Hsc70 sequence. The amino acids in green indicate the Hsc70/ hsp70 family signature, the amino acids in red indicate the ATP binding site motif, and the amino acids in gray and black indicate the bipartite nuclear localization signal, with abundant basic lysine and arginine, for selective localization of hsc70 into the nucleus. The amino acids in blue show the association motif for the cofactors. b) Phylogenetic tree showing the relationship of MeHsc70 with other Hsp70 family members. The sequences include Hsc70s from P. monodon (AF474375), L. vannamei (AY645906), M. rosenbergii (AY466445), the barnacle Balanus amphitrite (AY150182), the insects D. melanogaster (NM168568) and Manduca sexta (AF194819), the fish D. rerio (NM131397), Gallus (NM205003), and Homo sapiens (M11717). The phylogram was generated by the Genebee software and viewed by Treetop (www.genebee.msu.su/services/hlp/phtree-hlp.hmtl) [57] .
function played by the protein during the shrimp's early phase of vitellogenesis.
Although the Hsc70 mRNA level is the highest in the ovary, the mRNA level in the hepatopancreas was higher than that in the eyestalk, ventral nerve cord, and muscle. In M. sexta, Hsc70 was enriched in the fat body [37] , suggesting that it might be correlated with vitellogenesis since the fat body is the synthesis site of vitellogenin [38, 39] . Therefore, hsc70 might also play a functional role in the hepatopancreas during the shrimp reproductive cycle.
By Western blot analysis, MeHsc70 protein was identified in the nuclear extract prepared from the ovary, epidermis, and ventral nerve cord (Fig. 5b) . Among the tissues examined, a differential expression pattern was observed in which the Hsc70 protein was more highly enriched in the ovary than in other tissues. Thus, the result from Western blot is consistent with those from the Northern blot. Taken together, the finding that Hsc70 was localized in the nuclear fraction of the stage I ovary was demonstrated.
Hsc70 expression might be negatively correlated with the shrimp reproductive maturation, as Hsc70 and vitellogenin (the egg yolk precursor) have a reverse expression pattern. In fact, the result from the present study on the vitellogenin gene promoter provides evidence for the involvement of Hsc70 in the regulation of vitellogenin gene expression.
Many reports have demonstrated the modulation of transcriptional activity of HSF by interacting with the Hsc70/ Hsp70 protein family member [14] . The study on D. melanogaster provides insight into the role of Hsp70/HSF interaction as a transcriptional regulation complex during oogenesis and larval development. HSF appears to regulate genes involved in growth or developmental processes under normal conditions, and the DNA binding affinity of HSF monomer was low unless an HSF homotrimer was formed [15, HEAT SHOCK COGNATE AND SHRIMP VITELLOGENESIS 40]. However, HSF monomer might bind to certain gene promoters as a heteromeric complex with other protein [14] . Depending on the particular promoter, the HSF could then either stimulate or suppress gene expression. Therefore, Hsc70/ Hsp70 may interact with HSF and form a transcriptional complex.
Although the antibody was able to recognize the recombinant Hsc70 protein and the MeHsc70 in the ovary nuclear extract in Western blot analysis, it did not cause a supershift of the retardation complex (Fig. 6 ). This might be attributed to the masking of antibody binding site on the Hsc70 on interacting with the HSE-binding complex. However, it was overcome by the addition of ATP, as ATP disrupted the DNA-protein binding complex by dissociating the Hsp70 from the HSF [41, 42] . The activity of HSF might be enhanced by interacting with the molecular chaperone Hsc/Hsp70 as compared to the HSF monomer itself [43, 44] . Therefore, addition of ATP would dissociate Hsc70/Hsp70 from the HSF, resulting in a decreased DNA binding affinity of monomer HSF, and thus cause the disruption of the DNA-protein binding complex in EMSA. It has been shown in M. ensis that addition of ATP (1 and 2 lM) disrupted the DNA-protein binding complex (Fig. 6c) . Although Hsc70 was neither characterized as a DNA binding protein in previous studies nor identified to have any DNA binding domain in the deduced amino acid sequence by conserved domain search, it is logical to say that hsc70 is involved in the HSE-binding complex based on the disruption of DNA-protein binding complex in the ATP-competition EMSA in the shrimp.
Regulatory Role of Hsc70 on MeVg2 Expression in the Ovary and Hepatopancreas
In the regulation of vitellogenesis, we speculate that MeHsc70 interacts with HSF to form a heteromeric complex that represses transcription of the MeVg2 gene in the ovary. As described in many species, there is interaction between Hsc70/ Hsp70 with the HSF and also the conserved transcriptional control of Hsc/Hsp70 gene by the HSF [41, 45] . HSF is a ubiquitous transcription activator of heat shock protein genes in eukaryotes. Hahn et al. [46] used a whole-genome analysis approach to identify the role of the HSF in yeast cells as a transcriptional regulator of genes that encode proteins for signal transduction, carbohydrate metabolism, and energy production. Besides, HSF-Hsc70/Hsp70 interaction has been studied extensively by many researchers. Marchler and Wu [30] reported a modulation of Drosophila HSF activity by the molecular chaperone Hsc70. Human Hsp70 could interact with the C-terminal transactivation domain of HSF trimers by hydrophobic interaction during attenuation of the heat shock transcriptional response [47] . During heat stresses, heavy metal exposure, or starvation, HSF production would be induced. The three monomers of the HSF would form a homotrimer to act as transcriptional activator of the gene, such as the Hsc70/ Hsp70, which was an important protein for cell survival during stress [40, 45] .
In nonreproductive seasons, the MeHsc70 transcript level in the ovary and hepatopancreas is high. In addition, native Hsc70 was identified only in the ovary nuclear fraction. In mouse NIH-3T3 cells, nuclear localization of Hsc70 could lead to an Hsc70/HSF-1 interaction that regulates HSF activity [47] . In fact, HSF was involved in regulating oogenesis and larval FIG. 6 . Electrophoretic mobility shift assay (EMSA) to demonstrate the presence of HSF in ovary nuclear using ovary nuclear extract from shrimp at reproductive stage I. a) A factor in the ovary extract was shown to bind the heat shock transcription factor response elements (HSE) in vitro. b) Competition assays with nuclear extract (NE) and recombinant protein (rHsc70) was performed to confirm the binding specificity. The retardation complex (arrowheads) was significantly competed away by 10-and 100-fold molar excess of unlabeled HSE, which served as specific competitor. There was no effect on the retardation complex when using 10-and 100-fold cold nonspecific competitor (NC). c) Binding reaction with the addition of the ATP in the EMSA. development in Drosophila under normal cell growth conditions [13] . Therefore, elevated levels of Hsc/Hsp70 immature shrimp might be able to recognize and bind to the HSF activation domain, and this complex would bind to the HSEcontaining MeVg2 gene promoter and subsequently repress the gene transcription. This postulation was further supported by the results from the promoter deletion assay, as the loss of HSE led to an increase of the MeVg2 gene promoter activity. Consequently, it is possible that the Hsc70 interacts with HSF to act as a transcriptional repressor to suppress MeVg2 gene expression in the ovary of immature shrimp.
To elucidate the role of Hsc70 as a negative regulator of MeVg2 gene expression in both ovary and hepatopancreas, a double-strand RNA (dsRNA)-mediated RNA interference (RNAi) experiment was carried out to study the effect of Hsc70 gene knockdown on MeVg2 production, and this is discussed in the following sections. The results from ovary and hepatopancreas explant studies show that 0.3 lg/ml Hsc70 dsRNA can knock down the expression of Hsc70 and cause a rise in the MeVg2 expression level by 52% in the ovary and 60% in the hepatopancreas. Although there was a significant reduction in Hsc70 mRNA level, the effect was moderate. This might be attributed to the incomplete penetration by the knockdown or incomplete activation of the RNAi system, and thus some cells could escape the effects of RNAi [48] . In addition, the knockdown efficiency, that is, the percentage of endogenous gene being knocked down after applying RNAi, was higher in the hepatopancreas, and that might be attributed to the difference in the Hsc70 expression level in these reproductive organs. Moreover, knockdown efficiency seems to be dependent on the expression level of the target gene as well as the approach of experiment. The decrease in knockdown efficiency of Hsc70 might be due to the constitutive nature and abundant expression level of Hsc70 in the shrimp.
As constitutive Hsc70 mRNA expression was demonstrated in various organs of reproductive immature female shrimp, in vivo injection of the dsRNA might lead to systemic silencing. As the physiological role of Hsc70 is highly conserved, its knockdown might cause unpredictable harmful effects on the shrimp. Thus, the in vitro explant RNAi assay system is more appropriate for a short-term study. By the knockdown of Hsc70 gene expression to 52% in the ovary, a 54% increase in the MeVg2 gene expression was observed. For the hepatopancreas culture, there was a 62% increase in MeVg2 transcript level for a 60% reduction in Hsc70 expression. These results strongly suggest that there is a suppressing effect of Hsc70 on the MeVg2 expression in the shrimp.
During the in vitro organ explant culture, Hsc70 dsRNA in the medium was taken up by the ovary or hepatopancreas explants, as the 800 bp can be observed in the Northern blot in the sample treated with 3 lg/ml dsRNA. The smear of signal indicated the cleavage of dsRNA into smaller units by the Dicer enzyme in the organ explant. However, this smear was not observed for the sample treated with 0.3 lg/ml, presumably due to complete cleavage of dsRNA. Subsequently, translational repression on Hsc70 mRNA occurs, followed by reduction of hsc70 protein synthesis. The reduced level of Hsc70 would cause dissociation of HSF from the transcriptional repressor complex, and the HSF would restore to its monomeric form. Given that the DNA binding affinity of the HSF monomer was low and devoid of transcriptional activity [49, 50] , the suppressing effect of hsc70-HSF complex on the MeVg2 gene was removed, and therefore the MeVg2 expression level increased. Although the mechanism for RNAi in shrimp has yet to be uncovered, recent cloning of genes encoding the Argonaute protein in the tiger shrimp P. monodon might reflect the presence of a native RNAi mechanism in the shrimp [51] . Members of this protein family were shown to be involved in siRNA recognition and binding for initiating a dsRNA-induced gene-silencing effect [52, 53] . RNAi was also demonstrated to be a native mechanism to prevent viral replication in shrimp [54] . Tirasophon et al. [55] have shown the silencing of yellow head virus replication in P. monodon cells by dsRNA, suggesting that RNAi-mediated gene silencing was operative in the penaeid shrimp.
By the RNAi approach, a reduction by 52% and 60% in the hsc70 transcript level was observed in ovary and hepatopancreas, respectively. Given an approximately 2.7-fold more endogenous Hsc70 transcript in the ovary than in the hepatopancreas, the hsc70 transcript level in the ovary after knockdown by 52% would still be significantly higher than that in the hepatopancreas. However, the increase in MeVg2 transcript level in the ovary could reach 54%, which is close to the 62% increase in the hepatopancreas. Therefore, although Hsc70 could serve as a negative regulator of MeVg2 expression in both ovary and hepatopancreas, it might play a more critical role in regulating the MeVg2 expression in the ovary than in hepatopancreas. In short, in vitro knockdown of Hsc70 by dsRNA caused a consistent increase in MeVg2 expression level in both the ovary and the hepatopancreas explant experiment.
Although previous studies have shown the involvement of Hsc70 in Drosophila oogenesis [13] and salmon vitellogenesis [27] , the regulatory mechanism or the target gene under regulation were not reported. However, the present RNAi experiment in the shrimp has demonstrated a novel finding that Hsc70 could act as a negative regulator of the MeVg2 gene transcription in addition to other biological activities. Since two vitellogenin genes have been cloned in M. ensis, it would be interesting to know if MeVg1 gene also consists of a similar 5 0 upstream promoter region with a similar cluster of HSE. In conclusion, the results from this study are important in opening a new research area for transcription control of vitellogenesis and may provide new insights into developing new techniques to improve gonad maturation in shrimp aquaculture.
